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Abstract

ABSTRACT

There are a number of inherent problems associated with the interpretation of high
resolution seismic data based on seismo-stratigraphic techniques. This is
particularly true in complex, glacially influenced depositional environments, and
groundtruth data are vital for calibrating the interpretation. Forward modelling,
based on data from borehole logging, is one approach which can be used to predict
and relate groundtruth data and seismic data in order to understand the seismic
character and response. However, during engineering site investigations
continuous geophysical logging is not routinely carried out and hence forward
modelling is not easily undertaken.

The aim of this project was to investigate inter-relationships between borehole
sample derived properties (‘Borehole method’), cone penetrometer test results
(‘CPT method’) and the seismo-acoustic response. This investigation aimed to
overcome the shortfall in continuous logging data and to understand glacially
derived sediments in a seismic facies context. High resolution seismic data in
digital form were analysed to calculate seismic attributes to test the relationships
between physical properties and the seismo-acoustic response. The ultimate aim of

the project was to test the applicability of an integrated approach to high resolution
seismic data interpretation.

The global empirical inter-relationship which was adopted in the study to predict
acoustic properties for the ‘Borehole method’ was shown to be applicable for
glacially influenced continental slope sediments, and the ‘Borehole method’ reliably
predicted the seismic response. However, it was noted that caution is needed to
avoid aliasing as a function of geotechnical sampling frequency. The ‘CPT method’
was able to produce predictions of major lithologic units through the block-
averaging method, and site specific empirical inter-relationships were derived to
predict acoustic properties from the CPT results. The geophysical and geotechnical
integration was shown to be very useful for determining the depositional
environment and for calibrating seismic facies and character analysis. The seismic
attribute analysis produced a reliable method of inferring physical properties based
on amplitude variations. The results presented in this study have shown that by
integrating methods of geotechnical and geophysical interpretation, modelling
techniques can be successfully applied to improve calibration within the seismo-
stratigraphic interpretation approach to high resolution seismic data.
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Chapter 1 Introduction

CHAPTER 1

INTRODUCTION

Stoker et al., in their 1993b publication on problems associated with seismic facies
analysis of Quaternary sediments, concluded that groundtruth calibration is vital
when interpreting high resolution seismic data. This is particularly true where a
complex depositional environment, such as that affected by glacial activity, could
lead to an ambiguous interpretation when based on seismic data alone. Stoker et
al. (1993b) raised a number of questions which this research aims to investigate.

1.1. Background

Technology associated with seismic reflection data acquisition, processing and
interpretation has come a long way forward since the early days of seismic
exploration for oil in the 1920s. This has, in recent years, been due to the
hydrocarbon industry actively seeking ways both to keep costs to a minimum, and
to ensure greater success in discovering recoverable reserves. The vast increase in
available computer power allows far quicker manipulation of large and complex data
volumes, and with these incentives and technological advances, there is increased
demand to extract as much information as possible from seismic data.

Seismic reflection data are used by the oil industry as a means of investigating the
subsurface structure and stratigraphy. Exploration depth seismic data are used for
reservoir identification, analysis and monitoring. Exploration seismics include both
2D methods, where seismic data are collected along discrete lines, and 3D
methods where seismic data are collected and interpreted as an areal package. 3D
acquisition tends to cover large areas and in the marine field 3D data can be shot
rapidly using multi-streamer acquisition systems. These systems enable up to 12
streamers to be deployed and controlled simultaneously. More recently 4D
acquisition has added the dimension of time lapse. In comparison, higher resolution
seismo-acoustic 2D data are needed for site investigation, pipeline and platform
siting. High resolution seismo-acoustic data, in general, are currently acquired in 2D
mode and concentrate on investigating depths of less than 1km below seabed.
Resolution of the order of less than a metre can be obtained using very high

resolution frequencies (3-30kHz), whereas this level of resolution would be more
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difficult to achieve using conventional exploration 3D. This is due to the requirement

for lower frequencies to gain greater penetration.

Seismic stratigraphic analysis was developed by the hydrocarbon exploration
industry as an advanced method to interpret depositional environments as
evidenced in seismic reflection data collected for reservoir analysis. Within this
technigue seismic facies analysis is used to identify and delineate the facies
character produced on the seismic record. Seismic facies analysis makes the
assumption that laterally persistent, acoustically homogeneous seismic units are
associated with consistent lithologies and geotechnical properties. It is then
generally assumed that lateral or vertical changes in seismic character indicate a

change of sediment type (Stoker et al., 1993b).

In many cases this assumption is valid, but, the work of Stoker et al. (1993b)
investigating Quaternary sediments has shown that this is not always true and that

fundamental interpretation mistakes are likely to be made using this assumption. An
important consideration when using this advanced method of analysis is the
inclusion of groundtruth data as control on the interpretation. Prior to Stoker et al’s
work, other projects (such as Josenhaus and Fader, 1989, Stewart and Stoker,
1990) that have studied and used the mechanics of seismic facies analysis on high
resolution seismic data, have been restricted to qualitative analysis of paper records
probably due to the fact that high resolution data were not generally recorded
digitally. Clearly, a more in-depth study of the effects of changing sediment physical
properties on the high resolution seismo-acoustic response is required.

In order to study its seismo-acoustic response various properties of a sediment are
considered and for this project these have been divided into the following
classifications. The ‘physical’ properties include those properties which constitute
the structure and composition of the sediment, and combine the material and index
properties defined by Bowles (1984). Therefore, physical properties such as particle
size and liquid limit are within this classification. The ‘acoustic’ properties refer to
those which relate to the passage of a seismic wave, i.e. compressional wave
velocity and acoustic impedance. The ‘engineering’ properties are those which may
be used specifically for stability analysis (Bowles, 1984) or foundation design and
include shear strength and consolidation.
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Many authors over the last 3 decades have attempted to empirically relate the
acoustic and physical properties of a sediment, notably Buchan et al. (1972),

- Hamilton (1970b, 1971b), Hamilton and Bachman (1982) and Richardson and
Briggs (1993). In particular, Hamilton (1980) and Hamilton and Bachman (1982)
measured sediment physical properties (grain size, porosity, density) and used
these to predict the acoustic properties (compressional wave velocity, acoustic
impedance, attenuation). Authors such as Bachman (1985) and Richardson and
Briggs (1993) have taken thié work further and produced the inverse relationships
to those of Hamilton and Bachman (1982).

In any site investigation the ‘engineering’ properties of the sediments, such as
shear strength and deformation moduli , as well as the acoustic and physical
properties listed above, are crucial for foundation design. Groundtruth used to aid
seismic interpretation can take the form of geophysical borehole logging, laboratory

tested borehole samples, analysed cores (such as gravity and piston), grab
samples and cone penetration test results.

A significant procedure within seismic interpretation is the production and use of
forward models in the form of synthetic seismograms. These seismograms are
generated from geophysically logged boreholes and wells where continuous sonic
and density logs are recorded. These logs enable a seismic trace to be produced
and iterated for comparison and initial stratigraphic interpretation of seismic data at
the borehole or well location. The synthetic seismogram can be used further to
extrapolate away from the initial location in an attempt to quantify lateral changes.
However, this type of continuous geophysical logging is not routinely carried out in
engineering site investigation and hence forward modelling, which is a routine part
of hydrocarbon interpretation, is not easily undertaken. The emphasis is on

extracting as much information as possible from all the geotechnical data routinely

collected during a site investigation.

A large suite of properties from recovered borehole samples can be measured in
the laboratory. Coring and grab samples produce more limited information due to
the often limited depth of penetration and sample recovery. Cone penetration
testing (CPT) is carried out as part of a marine engineering site investigation
programme but does not involve sample recovery. The test measures cone
resistance and sleeve friction, with properties such as shear strength derived from
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these results. CPT classification charts also exist which classify the sediment type
according to the cone resistance and friction ratio (Robertson and Campanella,
1983a, Meigh, 1987), and it is these charts that form the basis of lithological
interpretations of CPT measurements. However, until very recently no empirical
relationships existed in the literature relating CPT output with acoustic impedance.
In this respect the work of Nauroy et al. (1998) on carbonate silts represents a key
advance with regards to geophysical and geotechnical integration and will be
expanded upon in this thesis.

1.2. Research aims and objectives

As previously mentioned, the work of Stoker et al. (1993b) identified the need to
further investigate the effects of changing physical properties of a sediment on the
seismic response. This has been identified as particularly critical in glacigenic
environments where the seismic facies are often complex and poorly understood.

The aim of this research project is to attempt to relate the physical properties of a
sediment to its seismo-acoustic response, with a view to improving high resolution
seismic interpretation of typical glacigenic sediments found on the UK continental
slope. This project attempts to advance the existing knowledge by investigating
inter-relationships between borehole sample derived properties and the seismo-
acoustic response. Through the examination of these inter-relationships the lack of
continuous geophysical borehole logging data may be overcome. The CPT is a very
useful tool for sediment discrimination and this research attempts to further its use
by directly relating the resulits to the seismic response. In parallel, this research
aims to use digital seismic data from an analogue source to calculate seismic
attributes with the aim of relating the physical properties to the seismic character.

The ultimate aim of the research is to integrate the various methods.

1.3. Approach

To achieve these aims two modelling technigques will be developed and tested using
borehole and CPT data. Any seismic response can be studied using forward
modelling techniques where the seismic trace is estimated from physical and
acoustic properties. The use of forward models in this project allows the iteration of

the input variables to understand the nature of the seismic response; in particular,
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synthetic seismograms can be produced from acoustic impedance logs (products of
density and velocity with depth). However, in the hydrocarbon industry these
acoustic impedance logs are typically generated from well logging which ignores the

first 100m below seabed. It is though, this missing 100m section that requires

thorough investigation for engineering applications, particularly in continental slope
environments, where slope stability assessment is critical.

The initial stage of this research project involves a general study of the physical
L properties of sediments, which can be related to the acoustic properties of a
~ sediment, and their affects on the seismic reflection response. The initial approach
concentrates on physical properties from UK continental margin sediments that
have been measured from borehole samples. As an essential part of the procedure
the sensitivities of the measured physical properties and the empirical relationships
used to derive the acoustic properties will be assessed. This initial stage of the
" research is intended to lead to the development of the first modelling technique,

that is the generation of synthetic seismograms from borehole sample testing,
henceforth referred to as the ‘Borehole method'.

The second modelling technique will use CPT results as a basis for producing
forward models. CPTs from the continental shelf, West of Britain, will be used to
test the method of automating a published global classification chart to produce a
synthetic seismogram. Empirical inter-relationships will be investigated which could
relate the CPT results to the acoustic properties of a sediment. These inter-
relationships would enhance the interpretation of the CPT results, and would
contribute towards fully automating the procedure of interpretation and synthetic

seismogram production form a CPT test. This modelling technique is termed the
‘CPT method’.

The final stage of the study will be to test these methods on an actual combined
geotechnical and geophysical dataset from the West of Shetland slope. This will
involve application of the modelling techniques alongside a seismic facies analysis.
Seismic attributes will be calculated for the geophysical dataset to assess their
viability on high resolution seismo-acoustic data, and also to characterise the

physical properties where possible. Figure 1.1 illustrates the research approach
schematically.



Chapter 1

Borehole Physical properties Cone
sampling (e.1,0.90.f:) penetration

test

Use empirical relationships to estimate acoustic properties
(VPIZ)

Calculate reflectivity log
(RC)
Convolve to produce synthetic seismogram
(Amplitude)

Sensitivity testing using
inter-relationships

Seismic Seismic

facies Integrated interpretation attribute
analysis analysis

Depositional environment Lateral variability

Figure 1.1. Research approach.
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1.4. Thesis layout

The preceding sections of this chapter introduced the background to the thesis, the
aims and the approach which will be taken in the research. Chapter 2 reviews the
geotechnical and geophysical theory and research background that underpins the
research. Chapter 3 describes the synthetic seismogram that is the basis of the
forward modelling techniques used in this study. Seismic stratigraphic techniques
are more recently being used to interpret high resolution seismo-acoustic data, and
it is these techniques that are fundamentally being tested in this research.
Theretfore, Chapter 4 introduces and describes seismic stratigraphy with emphasis
on seismic facies analysis and reflection character analysis. Sensitivity analysis of
the empirical relationships and the physical properties is detailed in Chapter 5. This
chapter also tests the modelling procedure of using borehole sample data from the
Hebrides slope to assess the steps in the procedure. Chapter 6 describes the
modelling of the seismic response from the CPT data. This begins with the
automated classification of the CPT results, using a dataset from Liverpool Bay,
and the output of the synthetic seismogram. Chapter 7 is the case study with
geophysical and geotechnical data from the West of Shetland slope. This chapter
brings all the interpretation methods together and tests the techniques developed in
the preceding Chapters 5 and 6. The forward modelling results are compared

alongside the two seismo-stratigraphic interpretation methods described in Chapter
4.

The discussion and conclusions generated from the findings in this research are

presented in Chapters 8 and 9 respectively.
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CHAPTER 2

FUNDAMENTAL THEORY AND RESEARCH BACKGROUND

2.1. Introduction

The main emphasis of this research, as introduced in Chapter 1, is on forward
modelling of geophysical high resolution seismic data from a sediment sequences’
physical properties. As this involves producing simplified geophysical models to aid
interpretation of often complex seismic stratigraphic sequences, all the basic input
and environmental variables first require careful consideration.

Basic elastic and seismic wave theory and the seismic reflection method will
therefore be reviewed within this early chapter. The sections covering these topics
introduce the theories that form the basis of this research project. The basic seismic
theory section is followed by a section which will define the physical properties that
are referred to within this study. The introduction of the physical properties
precedes more specific discussions of theoretically and empirically based studies of
geophysical and geotechnical inter-relationships.

2.2. Elastic theory

2.2.1. Stress

Stress Is a measure of the intensity of the balanced internal forces which exist when
an external force is applied to a body and is defined as force per unit area. The
stresses which act on an area of any surface of that body can be divided into

components of normal stress and shearing stress. The component of normal stress
is where the force is perpendicular to the surface, and the component of shearing
stress is where the force is tangential to the plane of the surface.

A body under stress and the three orthogonal planes that can be defined as being
acted on by normal stresses, i.e. where there are no shearing stresses, is shown in
Figure 2.1. The stresses acting on these planes are called the principal stresses.
Each principal stress Is seen as a balance of equal magnitude but oppositely
directed force components. Compressive and tensile stresses on the body

7
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Figure 2.1. Stresses acting on the faces of an element volume inside a stressed
body can be broken down into components on the two faces perpendicular to the x-
axis. Subscripts indicate the x-, y- and z- axes, o, indicates the stress direction
(after Sheriff and Geldart, 1995).



Chapter 2 Fundamental theory and research background

represent the situations where the forces are directed towards each other and away
from each other respectively. Where the principal stresses become unequal in
magnitude then shearing stresses occur along the surfaces of the body (Telford et
al., 1976, Kearey and Brooks, 1991, Sheriff and Geldart, 1995).

2.2.2. Strain

When an elastic body is subjected to stress it will undergo changes in shape and
dimension known as strain. This is defined as the relative change in a dimension or
shape of a body. Strains can be divided into normal and shearing strains depending
on the body change.

2.2.3. Hooke’s Law

A linear relationship exists between stress and strain and is defined by Hooke's law.
This law states that the elastic strain brought about by the applied stress is
reversible up to a limiting yield strength or elastic limit of the material, where strains
are reasonably small. Above the yield strength the strain due to the stresses
becomes non-linear and only patrtly reversible. This is called plastic strain. Hooke’s
law generally requires 36 independent elastic constants to describe the behaviour
of an anisotropic medium. However, for simplicity isotropy is normally assumed, and
this reduces the number of required constants. These can be represented using

Lamé’s constants, A and . (Schultheiss, 1983). Figure 2.2 shows a typical stress-

strain curve defining the limits discussed above.

2.2.4. Elastic moduli

Within the elastic field, shown in Figure 2.2, the linear relationship between stress
and strain can be defined for a material by its elastic moduli. These moduli are the

ratios of a particular type of stress to the resultant strain. Figure 2.3 illustrates these
elastic moduli and the stress-strain relationships.

In the illustration shown on Figure 2.3, a rod of length, |, and area, a, is extended

by, Al, through application of force, F, to the end faces, thereby defining Young's
modulus, E:
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Figure 2.2. A representative stress-strain curve for a solid body (after Kearey and
Brooks, 1991).
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Figure 2.3. The elastic moduli. (2) Young’s modulus. (b) Bulk modulus. (c¢) Shear
modulus. (d) Axial modulus (after Kearey and Brooks, 1991).
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Longitudinal stress, F/a

Young’s modulus, E = — .
J - Longitudinal strain, Al

(2.1)

As the rod increases in length there is a corresponding reduction in diameter,
indicating both lateral and longitudinal strain. The ratio of the lateral to the

longitudinal strain is known as Poisson’s ratio, o.

When hydrostatic pressure, P, is applied to a cube, seen in Figure 2.3(b), the strain
is a function of a change in volume, AV, from the original volume, V. This is

described as the stress-strain ratio, bulk modulus, K:

Volume stress, P

Bulk modulus, K = Volume strain. AV/V

(2.2)

In some cases the inverse, i.e. compressibility, 1/K, is used as an elastic constant
rather than the bulk modulus.

The shear modulus, p, is a measure of the resistance to shearing strain and is often
called the modulus of rigidity:

Shearing stress, 1

Shear modulus,p = ——————
H Shearing strain, tan 0

(2.3)

Where there is no lateral strain, the axial modulus defines the ratio of longitudinal
stress to longitudinal strain:

Longitudinal stress, F/a

Axial modulus, y = —
“ M Longitudinal strain, AU

(2.4)

2.3. Seismic waves

2.3.1. Waves

Seismic sources generate seismic waves which are parcels of elastic strain energy.
Except in the immediate area close to the source, the strains associated with the

passage of the seismic waves are very small and are therefore considered to be



Chapter 2 Fundamental theory and research background

elastic. Seismic waves can be divided into two categories, body waves and surface
waves; for the purposes of this study only body waves will be considered.

Body waves can be subdivided into compressional waves (P-waves) and shear
waves (S-waves). P-waves propagate by a series of compressions and rarefactions
in the direction of wave travel. During the passage of a P-wave, particles oscillate
about a fixed point in the direction of wave propagation. S-waves propagate by a
pure shear strain perpendicular to the wave direction; individual particles oscillate
about a fixed point in a plane perpendicular to the direction of wave travel (Kearey
and Brooks, 1991). It is only P-waves which will be considered within this research

as it is the measurement of P-waves which forms the basis of marine reflection

seismics.

The size of a peak on a wave is the amplitude, A, and the distance between

adjacent peaks is the wavelength, A. The speed at which the wave propagates is
the velocity, Virop, and the number of peaks passing one point in a given time is the

frequency, f. In general, the velocities and wavelengths increase with depth below
the free surface, whereas the frequencies decrease. These characteristics can be
related by:

velocity = wavelength x frequency (2.5)

2.3.2. The wave equation

A generalised wave equation can be developed using the basic assumption of small
strain to describe the wave propagating elastically through a medium. This wave
equation is formulated for a body wave travelling through a homogeneous, uniform,
linear, isotropic medium. It is a partial differential equation and describes the motion
of waves within a medium that have been generated by a wave source (McQuillin et
al., 1986).

A wave propagating in the x; direction through a cube is shown in Figure 2.4. One
face of the cube is initially in the plane of P (x;, X2, X3), and the opposite face initially

In the plane Q (X; + AX4, X2, X3). Due to the passage of the wave the cube has been
subjected to an elastic strain, and P and Q are displaced to P’ (X + uy, X2, X3) and

Q" (X1 + Uy + AXy + Auy, X2, X3). Newton’s second law of motion states that the

10
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Figure 2.4, Compressional wave propagation (after McQuillin et al., 1986).

Energy
flowing

across

Figure 2.5. Amplitude decay due to spherical divergence. (a) Decay in a uniform

medium. (b) Decay in a medium where there is an increase in velocity with depth
(after O’'Doherty and Anstey, 1971).
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unbalanced force equals the product of mass and acceleration; therefore an
equation of motion can be defined for the cube having considered the force acting
on it due to the strain on the Xxj-axis. Using Hooke’s law the strains can be
expressed as displacements and allowance made for boundary conditions, i.e. the
wave travelling through the earth. The one-dimensional wave equation becomes :

p 9°uy' = (AL +2w)_0%uy (2.6)
at2 aX12

where p is the density of the material, uq is the displacement and A, and y are

Lamé’s elastic constants. The general solution to this is :
ug' =f ( X1 = Vpropt ) + G ( X1 + Vpropt) (2.7)

where f and g are arbitrary functions and
Vorop = ( AL+ 210 )”2 (2.8)
P

The solutions show disturbances propagating in the positive and negative x;
direction with a propagation velocity Vpwp.

The solutions of the wave equation for the body waves, compressional (V,) and
shear (V;), can be written as :

V, = (...._.__(“2*“)) (2.9)
P
V, = (—%‘-) (2.10)

where A, and i, are Lame’s constants and by assuming Hookean behaviour then p
can be defined as the shear modulus (McQuillin et al., 1986).

11
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2.3.3. Huygen’s principle

Huygen’s principle for wave propagation is applied when estimating successive
positions of wavefronts. The principle states that each point on a wavefront can be
regarded as a new source point creating diverging spherical wavetronts. When a
particle moves from its equilibrium position the same way each time, it thereby
alters the elastic forces of nearby particles. There is a change of force associated

with this movement along the wavefront, and this change produces the motion to
form the next wavefront (Sheriff and Geldart, 1995).

2.4. Seismic compressional wave velocity

In order to assess the velocities at which the seismic waves propagate through a
medium, various authors, e.g. Sheriff and Geldart (1995) have shown that the
seismic wave velocities are a function of the elastic moduli and the density of the
material through which they pass. The velocity of propagation of any body wave
through a material is defined by, amongst others, Anstey (1991) as:

Elasticity) (2.11)

velocity = (Density

The solutions of the wave equation for the propagation of body waves were
introduced in Section 2.3.2. These solutions can be rewritten in terms of
measurable elastic constants. For shear waves, the one component to the elasticity
IS rigidity:

V. = (l:%i&’-Jid'i'fy)w2 — [P_Jw (2.12)

Density p

For compressional waves, the elastic components are rigidity (resistance to change
of shape) and bulk modulus (resistance to change of volume), and for the case

where the wave travels through a perfectly elastic, isotropic and homogeneous
medium:

12
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s+ g 1/2 1/2
Vv, = (Bulk modulgjs + 4/3 ngldltyJ _ (K+4/3u} (2.13)
ensity D

Compressional waves, unlike shear waves, propagate through water (where u = 0),

SO in water:

K 1/2 1 172
v. = K] - [L 2.14
i [p] [ﬂp] @14

where B is the bulk compressibility (1/K).

Early work on the velocity of sound in unconsolidated sediments was presented by
Wood (1955). A series of equations were produced for a two phase ideal mixture,
l.e. a suspension of solid particles in liquid, resulting in the velocity equation:

EY E, E, -
Vo, = |[=| = [————— == 2.15

where p4,Ey1 and pa,Ey2 are the density and elasticity of the two phase components,

x IS the proportion of the first constituent by volume, and (1-y) is the proportion of
the second constituent by volume. This is Wood’s emulsion equation.

Urick (1947) applied Wood’s equation to measurements of the speed of sound
within a pure suspension, i.e. having no sediment frame. By replacing each particle
of fluid by a sediment particle of the same volume then the following equations were
obtained (Buchan et al., 1972),

p = Npw + (1-n)ps (2.16)

B = nBw + (1-1)Bs (2.17)

where 1 is the porosity and subscripts w and s are the water and solid components

respectively. Substituting p and §3 into Wood’s equation:

13
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1 1/2
Vo= \ T o B 3G B ] 2.1
p ([np_+(1-n)p.][nﬂ..+(1-n)ﬁ.]) (2.18)

Buchan et al. (1972) following other authors (e.g. Hamilton, 1971a), confirmed that
Wood’'s emulsion equation puts a lower limit on the magnitude of a sediment’s
velocity even though a marine sediment is generally regarded as a two-phase
medium, i.e. sediment particles and seawater in the pores. In reality the frame
structure within a seafloor sediment arises due to the interaction of the mineral
particles. This is through frictional contact in coarse sediments and by
electrochemical forces in finer grained sediments. As a result of this structural
frame, the bulk modulus of the system increases (via frame compressibility) and the
rigidity modulus is no longer zero.

Several authors (e.g. Gassmann, 1951, Nafe and Drake, 1957, and Buchan et al.,
1972) have made empirical modifications to Wood’s equation to help provide a fit to
their data. These adjustments show that variations of sound velocity in saturated
sediments are dependent to a major extent on grain-size distribution, porosity and
bulk density.

Gassmann (1951), in particular, states that the rigidity modulus of a seafloor
sediment is not negligible. Gassmann (1951) concludes that by accounting for the
sediment frame in consolidated sediments higher velocities are predicted.

2.4.1. Factors influencing compressional wave velocity

Equation (2.11) shows velocity in a homogeneous medium to be simply dependent
on density and elasticity. Sheriff and Geldart (1995) state that, in fact, the situation
Is not as straightforward. This is due to the inter-relationship of elasticity and density
and each depending on other factors, such as lithology, porosity, pressure, depth
and degree of compaction. Schreiber (1968) states that as sediments are porous
and contain fluid filled spaces, then porosity is possibly the single most important
factor governing the velocity of a material.

Anstey (1991) argued that the link between compressional wave velocity and
porosity is incidental rather than causal and that the velocity is determined to a
large extent by the grain fabric of the material. Other variables which affect velocity

14
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and which were discussed by Anstey (1991) were grain shape and sorting,
overburden pressure and cementation.

2.4.2. Variation of velocity with depth

Velocity is generally assumed to increase with depth, therefore producing positive
sound velocity gradients. These positive gradients are of invaluable use in the
understanding of subseafloor structure. Nafe and Drake (1957) were among the
early authors to study and quantify velocity gradients following the work of Hill
(1952), who first discovered the existence of these gradients. Hamilton (1979)
calculated that in sands the velocity gradient is about 4ms™'/m for depths between 1
and 20m and that for silt clays the range is from 0.6-1.9 ms™/m. The major factors
which contribute to sound velocity gradients in silt clays include pressure-induced
porosities and effects on the sediment frame, temperature increases due to heat
flow, pore-water pressure increases and increases in rigidity caused by diagenesis.

2.5. Attenuation

As a seismic wave propagates through the ocean and the seafloor, its phase and
amplitude characteristics are altered by a variety of causes including, significantly,
spherical divergence and absorption. As a separate value absorption is very difficult
to estimate, therefore it is total attenuation which is generally referred to with no
difterentiation of the causes (Kibblewhite, 1989).

2.5.1. Spherical divergence

As a wave moves away from the source the energy spreads out thereby leading to
a decrease in strength at any point; in a homogeneous medium this amplitude

decrease would be inversely proportional to distance (Sheriff and Geldart, 1995).
The intensity diminishes as the inverse square of the radius of the wavefront
(O’Doherty and Anstey, 1971), as illustrated in Figure 2.5.

2.5.2. Absorption

Absorption is defined as the process where elastic energy associated with wave
motion is gradually absorbed by the medium and uitimately converted to heat. This
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energy loss is due to the earth’s anelasticity in its response to the passage of the
seismic wave.

The decrease in amplitude due to absorption is shown to be exponential with
distance for elastic waves and can be represented by

Ax = Aoe'm (2-19)

where A, and Ag are values of amplitude of a plane wavefront at two points x

distance apart, and a is the attenuation coefficient.

Absorption can also be expressed in terms of a decrease in amplitude with time,
and assuming a cyclic waveform the quality factor, Q, can be defined as:

21

Q= -—
(fraction of energy lost per cycle (E/AE)

(2.20)

During one period, a wave travels one wavelength. If the loss of energy is due to

absorption only, then hygT = oA where hy is the damping factor and T is period,

therefore:
T

Q= — 2.21
— (2.21)

(Toksoz et al., 1979, Jannssen et al., 1985)

2.5.3. A review of sediment attenuation

Attenuation is dependent on frequency (Attewell and Ramana, 1966), with the high
frequency components of a wave attenuating faster than the low frequency
components. In the sediment column, Kibblewhite (1989) and Buckingham (1997}
refer to intrinsic and effective attenuation. Intrinsic attenuation is the energy loss
due to the fundamental structure of the material affecting the sound propagation.
Effective attenuation is defined as the sum of all loss mechanisms.
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Stoll (1977), based on work by Biot (1956a, 1956b), proposes two fundamentally
different mechanisms to explain wave propagation through a saturated medium and
the loss of energy incurred. The first mechanism involves losses brought about by
the grain contacts within the skeletal frame. In finer grained sediments where fluid
mobility is low, energy loss is nearly independent of frequency. In coarser
sediments, fluid losses become greater than frame losses and the losses are
thought to be a frictional phenomenon, whereas in finer grained sediments there
are a variety of processes determining the loss, including friction and other inelastic
effects.

The second loss mechanism proposed by Stoll (1977) results from the motion of the
pore-water relative to the sediment frame. The instantaneous pressure varies from
place to place during the propagation of the wave and the subsequent pressure
gradients move the fluids within the connected pore spaces (Sherift, 1975).

Hamilton (1972) defines frequency dependent attenuation as:
a = kf" (2.22)

where « is attenuation coefficient (dB/m), k is a constant, f is frequency (kHz) and n

is a frequency exponent which is assumed to be one where the attenuation is in the
frequency range, f'.

Q’', the dissipation factor or specific attenuation factor, is often measured alongside
Q (Hamilton, 1972) as defined above. Hamilton (1972) states that both Q and Q'
are approximately independent of frequency in the range 10'-10° Hz and that inter-
grain friction is the dominant mechanism for attenuation in marine sediments.
Attewell and Ramana (1966) presented the case of liquids where Q' is proportional
to frequency as did McCann and McCann (1969) who discussed the frequency
dependence of Q"' in unconsolidated sediments. McCann and McCann (1985)
explained the variation of compressional wave attenuation (at all frequencies) in
unconsolidated sediments by a viscous dissipation mechanism provided a
distribution of pore spaces is incorporated into the theory. This is in agreement with
Biot’'s (19562, 1956b) theory which accounts for attenuation as a function of viscous
interaction between the solid particles and pore fluid.
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In order to estimate attenuation in a marine sediment, Hamilton (1972) identifies
porosity, grain size, shape and distribution as important variables defining the
attenuation coefficient in coarse grained sediments, and electro-chemical effects as
dominant in finer grained sediments. Toksoz et al. (1979) state that attenuation

varies much more than seismic velocity in relation to physical changes of the
material through which the wave is passing. However, determination of attenuation
is much more difficult than that of velocity.

More recently, Buckingham (1997, 1998) has developed further theories on sound
propagation in saturated marine sediments. Buckingham’s theory introduces a
dissipation factor accounting for loss due to interparticle contact and states that

hysteresis associated with this mechanism defines the acoustic properties of a
sediment.

2.6. Seismic refiection method

The field seismic method central to this study is high resolution seismic reflection.
Within reflection surveying travel times are measured from arrivals reflected from
subsurface boundaries. These reflecting surfaces are generated between two

layers with differing acoustic impedances (Z). Acoustic impedance is defined as the
product of the P-wave velocity and density for an individual layer.

2.6.1. Reflection and transmission coefficients.

The reflection coefficient, RC, is defined as the ratio of the reflected amplitude, A,
to the amplitude of the incident wave, A;. For normal incidence, i.e. the angle of
incidence is 0° at a boundary in an elastic medium:

RC A P, mepz -~ P Voropy _ L2~ 2,

(2.23)
A Py Voropz + Py Virop, Z:+ Z,

Subscripts 1 and 2 refer to the layers above and below the reflecting boundary
respectively.
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The transmission coefficient, TC, is the ratio of the amplitude of the transmitted
wave, A;, to the amplitude of the incident wave, Ai. The second part of the equation

Is a solution of Zoeppritz’s equation for a normal incidence wave.

TC = & 2 Z:
A Z, + Z,

(2.24)

The transmission coefficient is generally described as (1 - RC). The two-way
transmission coefficient at the boundary will therefore be

(1 - RC) (1 + RC) = 1 - RC?. A seismic reflection is the product of its own reflection
coefficient with the product of all the two-way transmission coefficients of the
surfaces above it (O’'Doherty and Anstey, 1971).

Reflection coefficients between natural sediment layers are typically less than £ 0.2.
The sea surface is an almost perfect reflector of seismic waves incident from below,
l.e. the water column, and the reflection coefficient approaches -1. The negative

sign indicates a 180° phase reversal.

2.6.2. Multiples

The primary reflections which return to the surface after a single reflection at an
interface have been discussed above. However, many more reflections can be
recorded at the receiver. These are termed reverberations or multiples with the

most prominent on marine seismic data involving reflection from the sea surface.

Multiples can be classified into two categories, either short path or long path which
distinguishes between multiple reflections that arrive soon after the primary
reflection or at a longer travel time respectively. For seabed and subsurface
multiples to be distinguished as separate events they will have been generated from
a reflector with a high reflection coefficient as the multiple amplitude is proportional
to the reflection coefficient of the boundary. However, the multiple amplitude may
be lower due to energy dissipation from multiple boundary reflections, Figure 2.6
llustrates the types of multiples likely to be produced during reflection surveying.

In marine surveying, ghost multiples are generated when energy initially travels
upwards from the source and is reflected back from the sea surface. The sea
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Figure 2.6. Types of multiples (after Sheriff and Geldart, 1995).
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surface is an almost perfect reflector (depending on the sea state) therefore the
ghost multiple will be strong, but it will also undergo a 180° phase shift, i.e. reversed
polarity. Ringing is an effect which can be caused by multiple reflections in the
water column. Because of the high reflection coefficient of both the sea surface and

seabed these reflections are very strong and can affect the frequency content of the
final recorded data (Trabant, 1984).

Peg-leg multiples tend to be produced where several, often thin layers, are present
and the energy reverberates within these layers, usually on its way to or from the
main reflecting surface (Sheriff and Geldart, 1995).

2.6.3. Resolution

Resolution is the minimum distinguishable distance between two reflecting points
on a seismic profile. Resolution needs to be considered in both the vertical and

horizontal planes.
2.6.3.1. Vertical resolution

Vertical resolution is the minimum distance between two reflectors to allow them to
be separated vertically on the seismic profile. The limit to vertical resolution is
defined by the fact that the reflections from two adjacent reflectors will interfere with
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